We present next-to-leading order QCD corrections to production of two W bosons in hadronic collisions in the extra dimension ADD model. Invariant mass and rapidity distributions are obtained to order α s in QCD by taking into account all the parton level subprocesses. The computation is organized using the monte carlo based method of phase space slicing. We estimate the impact of the QCD corrections on various observables and find that they are significant. We present some results for a 10 T eV LHC but most of the results presented here are for 14 T eV LHC. We also show the reduction in factorization scale uncertainty when O(α s ) effects are included.
Introduction
The fact that electroweak symmetry breaking scale of the Standard Model (SM) cannot be made stable against the quantum corrections (hierarchy problem) within the SM indicates to the possibility of new physics at TeV scale. The Large Hadron Collider (LHC) which will operate at an enormous center of mass energy ( √ S = 14T eV ) offers to shed light on the existence of new physics. The most popular new physics models are based on the ideas of supersymmetry and extra spatial dimensions. Proposals to address the hierarchy problem using extra dimensions were introduced in [1, 2] . In this paper
we will consider the model by Arkani-Hamed, Dimopoulos and Dvali (ADD) [1] . In this 
Although the coupling κ is M P l suppressed, the fact that there are large number of KK modes that couple to the SM fields makes the cumulative effect significant and leads to observable effects. One extra dimension ie. d = 1 is ruled out [4] and d = 2 is severely constrained so we will consider in this paper d = 3 and above. There are two ways to probe such effects at colliders, either through gravitons emission or by virtual graviton exchange. In this paper we will consider only the effects of virtual spin-2 KK states.
The precise measurement of hadronic production of gauge boson pairs is one of the important endeavors at the LHC both in the context of SM and new physics studies.
Studies in other channels have been reported in [5] in extra dimension models. In this paper we will consider production of W pair at the LHC. Owing to its importance, its study has attracted a lot of attention in the literature. Many studies have been carried out for its production in the SM; a study in the context of anomalous triple gauge boson vertices was carried out in [6] . Leading order (LO) studies in the SM can be found in [7] . As is well known the LO results are highly sensitive to the arbitrary renormalization and factorization scales. At this order the factorization scale µ F enters solely through the parton distribution functions as the parton level cross-section, at this order, does not depend on µ F . As we include higher order terms of the perturbation series the dependence will reduce and an all order result will be completely independent of these arbitrary scales. In addition the NLO results are usually significantly enhanced as compared to the LO results. It is thus important to carry out NLO calculation to reduce sensitivity to these scales. Because of its importance, W + W − production has been studied to next-to-leading-order (NLO) accuracy in the SM [8, 9] . It has also been studied via gluon fusion through a quark box loop or triangle quark loop with γ or Z boson exchange [10] and at one and two loop levels in high energy limit in SM [11] . The significance of NLO computations in the extra dimension models for DrellYan [12] , diphoton [13] , ZZ [14] , graviton+photon [15] , graviton+jet [16] production has already been demonstrated. These studies show that not only the predictions at NLO are enhanced but are also less sensitive to the factorization scale. With this in mind we carry out a complete NLO calculation of hadronic W + W − production in ADD model in this paper. W + W − production in Randall Sundrum model is presented in our work [17] .
We organize the paper in the following sections as follows. In section 2 we give the details of NLO computation for the W + W − production. Here we give the matrix element squares for all the 2 → 2 subprocesses both at leading order and at loop level at order
2 ). All the Feynman diagrams are collected in the appendix. The virtual corrections contain soft and collinear singularities which appear as simple and double poles in ǫ as we use dimensional regularization with n = 4 + ǫ. The 2 → 3 real emission matrix elements which were also calculated analytically are not presented here (to save space as the expressions are lengthy) and can be obtained on request. These computations were done using the symbolic manipulation program FORM [18] . We intend to use monte carlo methods for obtaining kinematical distributions. These methods prove very useful if experimental cuts need to be imposed on the final state particles and they avoid the need for repeating calculations for obtaining different distributions as would be required by completely analytical methods. In this paper we employ the method of two cutoff phase space slicing [19] to carry out our calculation. This method gives numerically stable results as has been demonstrated in [19] and also in our previous works [13, 14] . An alternative to this is dipole subtraction method [20] which is also widely used in higher order QCD calculations. We describe, in brief, phase space slicing method and how the soft and collinear singularities that appear at virtual level and real emission level are treated. In section 3 we present some checks on our code and then present some useful kinematical distributions.
Next-to-leading-order Computation
The hadronic production of W bosons at NLO has three pieces of computation. 
). Let us take up these three pieces in turn.
Born Contribution
The charged vector-boson production in the leading partonic scattering processes corresponds to
where p 1 and p 2 are the momenta of initial state partons while p 3 and p 4 are those of final state vector bosons. The W boson pair can couple to KK gravitons, so it is possible to produce them through virtual graviton exchange at the leading order [21] . In SM this proceeds via t channel (or u channel) quark anti-quark annihilation along with s-channel γ and Z boson exchange shown in Fig. 10 . The coupling of fermions to W and Z bosons are respectively
where T W and T Z read
The coefficients C v and C a are given by
The Q f and T f 3 denote the electric charge and the third component of the weak isospin of the fermion f respectively, θ W is the weak mixing angle and m z is the mass of Z boson.
The Z boson propagator is given as
We have used unitary gauge in the electroweak sector ie. ξ = ∞, this simplifies the calculation as both the goldstone boson and ghosts in the electroweak sector disappear.
The γ 5 matrices that appear in the intermediate stages of the computation require special care as they are not defined in arbitrary dimensions. We have used naive anticommutation relations between γ 5 and other gamma matrices in n dimensions and the resulting traces are then computed in n dimensions as they are free of γ 5 . Alternatively, one can use other method namely HVBM-scheme which was proposed in [22] and generalized in [23] . In this approach, Gamma matrices and momenta in the loop and final state phase space integrals are split into a 4 and an n − 4 dimensional part. The γ 5
anti-commutes in 4 dimensions and commutes in n − 4 dimensions with rest of the γ matrices.
We give below the matrix element squares summed (averaged) over the final (initial) state spins, colors and polarizations notated by an overline in n = 4 + ǫ dimensions .
s, t and u are the usual Mandelstam invariants. We will denote by sm, gr and int the contributions from SM, gravity, and interference of SM with gravity respectively. The SM at LO gives order e 4 contribution to the cross sections:
where 
Here m denotes the mass of final state W bosons. The B q i expressions for down type quarks are related to that of up type quarks as follows
In addition, two more processes are allowed as the KK gravitons can appear at the 
We have denoted the sum of spin-2 KK graviton propagators by D s , then D s times square of the coupling can be written as
The function I(Λ/ √ s) depends on the ultraviolet cutoff Λ on the KK modes and its expression can be found in [3] . The default choice for Λ would be the fundamental scale M s unless mentioned otherwise.
Next we give the interference of SMprocess with the gravity mediatedsubprocess. For convenience we will denote
where Z q i are in their essence combinations of EW couplings and propagator factors while C q i are the functions of kinematic invariants. These C q i functions are given below
The C q i expressions for down type quarks are related to that of up type quarks as follows.
Note that the W boson polarization sum −g µν + k µ k ν /m 2 , which correctly takes into account 3-polarizations of a massive particle, does not give rise to negative powers of m and the m → 0 limit is smooth.
Radiative Corrections
In Fig. 10 , the order a s loop diagrams that appear in SM and in Fig. 12 the diagrams with a graviton propagator are presented. We will use Feynman gauge ξ = 1 in the QCD sector and we retain the term proportional to ξ in the gluon-gluon-graviton vertex. However this term does not contribute to the matrix element squares. Here we consider only 5 flavors of quarks and treat them as massless. These diagrams contribute through their interference with the leading order diagrams. In general loop diagrams give ultraviolet divergences and infrared divergences when the integration over loop momenta is carried out. We use dimensional regularization (n = 4 + ǫ) to regulate these divergences; these divergences then appear as poles in ǫ. Note however that owing to the gauge invariance and the fact that the KK gravitons couple to SM energy momentum tensor, a conserved quantity, this process is UV finite. The external parton leg corrections vanish in dimensional regularization for massless partons. From the loop Feynman diagrams in the appendix we find that all 2-,3-and 4-point loop integrals appear in the calculation. The maximum rank of tensor integrals is 3 and originate from the fermion box. These tensor integrals were reduced to scalar integrals following the procedure of Passarino-Veltman [24] . The 4-point scalar integrals that appear in the gg initiated box diagrams were taken from [25] .
The one loop matrix elements are recorded below. The finite pieces of matrix element squares denoted by a superscript fin are given in the appendix.
The SM contribution is found to be
the interference of SM with the gravity mediated processes are
Note that in the above gg initiated SM diagrams with a quark triangle and γ/Z propagator do not contribute as they vanish in massless limit due to Furry's theorem and weak isospin invariance. Also note that |M V | 2 gg,int is completely finite; it does not contain any soft or collinear divergences because in SM the gg contribution begin at the loop level and a lowest order term should be finite.
The pure gravity contributions are
where
The theory is renormalized at scale µ R . C F is the Casimir of the fundamental representation while C A is the Casimir of adjoint representation in the color group.
We can now write the order a s (µ 2 R ) contributions coming from virtual diagrams as,
The poles of order 2 in ǫ in the one loop matrix elements correspond to the configurations which are both soft and collinear simultaneously. These double poles cancel when real emission contributions are included, the remaining simple poles do not cancel completely and are factorized into the bare parton distribution functions at the scale µ F .
Several checks ensure the correctness of the matrix elements. The W boson polarization sum −g µν +k µ k ν /m 2 , which correctly takes into account 3-polarizations of a massive particle, does not give rise to negative powers of m and the m → 0 limit is smooth. Further, for gluon initiated process the gluon polarization sum is −g µν + (k µ n ν + k ν n µ )/k.n where n is an arbitrary light like vector and the results are independent of the vector n.
Furthermore the SM matrix elements are in agreement with the literature [8] .
At NLO we also have to include 2 → 3 real emission processes. A generic process is of the form
In Fig. 11 we show theand qg initiated real emission Feynman diagrams which appear in SM. In addition, in the ADD model the 2 → 3 diagrams with graviton propagator are shown in Fig. 13 . Here all the three kinds, qq, qg, gg initiated subprocesses occur. The 2 → 3 contributions to cross-section reveal the infrared divergences when the integral over the final state particles is carried out. The sum of virtual and real emission cross section is finite after mass factorization is carried out. For details we refer to the review [19] .
Although the details of phase space slicing method to deal with soft and collinear singularities in real emission processes were given in our earlier works [13, 14] , we shall recapitulate it for completeness. The 2 → 3 phase space is divided into soft and collinear regions using two small dimensionless slicing parameters δ s and δ c . The soft region is defined as the part of phase space where the final state gluon is soft and has an energy less than δ s √ s 12 /2 in the center of mass frame of incoming partons. The region complementary to the soft region is hard region and contains collinear singularities.
This region is thus further divided into hard collinear region (the region of phase space where the final state parton is collinear to one of the initial state parton) which contains collinear singularities and hard non-collinear region which is free of any singularities.
All the order a s pieces together; the virtual cross-section dσ virt the soft piece dσ sof t and the mass factorized hard collinear contribution dσ HC+CT (CT denotes mass factorization counter term) is referred to as 2-body contribution.
The only order a s piece, dσ 3−body (δ s , δ c ), which remains to be included is hard non collinear and which is finite as the integration over 3-body phase space here does not include soft and collinear regions. The integration over the 3-body phase space is carried out using monte carlo, and it is constrained to avoid collinear and soft regions.
Theand gg initiated processes contain both kinds of divergences so the integral is constrained using δ s and δ c to avoid these regions. The qg initiated process, however, contain only collinear singularities (as soft fermions do not give singularities) and the 3-body integration is constrained using only δ c .
The NLO result is sum dσ We have checked that the sum of 2-body and 3-body contribution is independent of the δ s and δ c over a large range of their values.
In the next section we present the results using our monte carlo code which incorporates the above given details. We will present the stability of results against variations of the slicing parameters. This code can easily accommodate any cuts on the final state bosons and can evaluate various kinematical distributions.
Kinematical distributions and Results
The LHC with a center of mass energy of 14 T eV will be our default choice. However we will also present some results for a center of mass energy of 10 T eV for the LHC. For numerical evaluation, the following SM parameters [26] s , we use CTEQ6L1 density set (which uses the LO running a s ) with the corresponding Λ QCD = 165 MeV . At NLO we use CTEQ6M density set ( which uses 2-loop running a s ) with the Λ QCD = 226 MeV ; this value of Λ QCD enters into the evaluation of the 2-loop strong coupling. The default choice for the renormalization and factorization scale is the identification to the invariant mass of the W boson pair ie., µ F = µ R = Q. Furthermore the W bosons will be constrained to satisfy |y W | < 2.5, where y W is the rapidity of a final state W boson .
We will present below the following kinematical distributions:
1. Invariant mass distribution, dσ/dQ, where Q is the invariant mass of the final state W boson pair, 2. Rapidity distribution dσ/dY where Y = 1/2 ln(P 1 · q)/(P 2 · q), where P 1 and P 2 are incoming proton momenta and q is the sum of the W boson 4-momenta.
First we demonstrate that the sum of 2-body and 3-body contributions is fairly independent of the slicing parameters. In Fig. 1 (for SM) and Fig. 2 (for signal) we show the variations of these two pieces with the slicing parameters in invariant mass distribution at a value of invariant mass equal to 800 GeV . Here both δ s and δ c are varied together with the ratio δ s /δ c fixed at a value of 100 [19] . We note that the sum of 2-body and 3-body contributions is fairly stable against variations in these parameters and this gives us confidence in our code. In what follows we will use δ s = 10 −3 and δ c = 10 −5 .
In Fig. 3 we have plotted the invariant mass distribution both for the SM and the signal, in the range 300 GeV to 1300 GeV . In this plot we display for three extra dimensions ie., d = 3 and for fundamental scale equal to 2 T eV . To highlight the importance of QCD corrections we have also displayed the LO results of SM and the signal, and we observe that the K factors (defined as K = dσ N LO /dσ LO ) are significantly large. We note that for the signal (sm + gr + int) K factor varies between 1.55 to 1.98 in the invariant mass range of 300 to 1300 GeV . This also shows that the LO results can be only treated as first approximations and to have more precise estimates we should go beyond the leading order. We note here that present computation does not take into account decay of W bosons to leptons which is observed experimentally, but as QCD corrections are independent of these decays, the K factors obtained here would not change when decays are taken into account.
To estimate the effect of the number of extra dimension on the invariant mass distribution, we plot in In Fig. 7 we have plotted the rapidity distribution dσ/dY at LO and NLO both for SM and the signal for d = 3 and M s fixed at 2 TeV. We have plotted this distribution in the interval −2.0 < Y < 2.0 and have carried out an integration over the invariant mass interval 900 < Q < 1100 to increase the signal over the SM background. As expected the distribution is symmetric about Y = 0.
As was noted before the NLO QCD corrections reduce the sensitivity of the cross sections to the factorization scale µ F ; this we now show in the Fig. 8 . We have plotted SM and the signal both at LO and NLO, and have varied the factorization scale µ F in the range Q/2 < µ F < 2Q. The central curve in a given band (shown by the dotted curves)
correspond to µ F = Q. In all these the renormalization scale is fixed at µ R = Q. We notice that the factorization scale uncertainties in SM are less compared to the signal. This is because of the dominant role of the gluon gluon initiated process in the signal.
We see in this figure that a significant reduction in theoretical uncertainty, arising from the factorization scale, is achieved by our NLO computation. At Q = 1300 GeV the dσ/dQ for the signal varies by 18.8 % at LO as µ F is varied between Q/2 to 2Q and it varies by 7.6 % at NLO. At the end we present in Fig. 9 , dσ/dQ for LHC with a centre of mass energy of 10 T eV at NLO both for SM and signal. For comparison we have also plotted the 14 T eV results in the same figure.
Conclusions
In this paper we undertook computation of W boson pair production at the LHC at next-to-leading order in QCD in the extra dimension model of ADD. Here only spin-2
KK gravitons appearing at the propagator level were considered. W boson production is one of the important channels at the LHC to probe both the standard model and new physics. As the leading order results serve only as first approximations we need to go beyond it to NLO to have more precise estimates. The NLO results are generally not only significantly larger as compared to the LO results but they are also much less sensitive to the arbitrary factorization scale and renormalization scale (if the LO already starts at order a s ).
Here we carried out a full NLO computation and presented analytical expressions of matrix element squares for all the SM, gravity mediated and the interference of SM and gravity mediated processes both at the LO and virtual level. We used dimensional regularization to regulate soft and collinear divergences and the singularity structure in the loop level matrix elements is shown and it is observed that the singular pieces are proportional to the born contributions. As different kinematical distributions such as invariant mass distribution and rapidity distribution are evaluated with cuts on the final state W bosons it is useful to use monte carlo based semi analytical methods which allow to tailor code easily to these requirements. For this we used the two cutoff phase space slicing method to divide phase space in soft and collinear regions and filter out the singularities in the real emission contributions which appear on phase space integrations.
A brief discussion on this method was presented. To save space we omitted the real emission matrix elements as the expressions are voluminous and can be obtained on request. We have used M S scheme throughout this paper.
We have presented distributions for the LHC at 14T eV and 10T eV . We first offered some checks on our monte carlo code such as stability of sum of 2 − body and 3 − body contributions against variation of the slicing parameters δ s and δ c and then presented invariant mass and rapidity distributions both at LO and NLO. We use CTEQ 6L1 and CTEQ 6M parton density sets for LO and NLO observables, respectively. Significant enhancements over the LO predictions are observed. The K factors are found to be large in the invariant mass distribution. For LHC at 14T eV we find that K factor in the invariant mass distribution for the signal (sm + gr + int) varies between 1.55 and 1.98 as Q varies between 300 to 1300 GeV . We have shown that a significant reduction in theoretical uncertainty, arising from the factorization scale, is achieved by our NLO computation. At Q = 1300 GeV the dσ/dQ varies by 18.8 % at LO as µ F is varied between Q/2 to 2Q and it varies by 7.6 % at NLO. These observations justify the entire exercise and give results that are precise and suitable for further studies for constraining the parameters of the ADD model. Invariant mass distribution is also presented for LHC at a center of mass energy of 10T eV at the NLO level. 
Appendix
Below we give the finite pieces of the matrix element squares that appear in Eq. 22
through Eq. 24 in section 2.
where A q i contain the coupling and propagator factors , B q i are the functions of the kinematic invariants.
and the rest A 
8 − 6m 6 (2t + u) − t 2 u(t + 2u) − 3m 4 t(t + 3u) 
